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There is much interest in interfaces between insulating oxides, such as SrTiO3 (STO) and LaAlO3 (LAO), where
a two dimensional electron gas can form due to the so-called polar discontinuity. These interfaces are mostly
fabricated by Pulsed Laser Deposition (PLD). We have investigated such interfaces by reactive RF sputtering in
a high-pressure oxygen atmosphere. The lms are smooth and crystalline. Transmission Electron Microscopy
indicates that the interfaces are sharp and continuous while Electron Energy Loss Spectroscopy data indicate some
slight intermixing. However, we nd these interfaces to be non-conducting. It appears that the sputtered interface
is not electronically reconstructed in the way reported for lms grown by PLD, notwithstanding the good structural
quality and composition of the lms.
[DOI: 10.1380/ejssnt.2012.619]
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I. INTRODUCTION
The physics behind the formation of a two dimen-
sional electron gas at the interfaces of the band insulators
LaAlO3 and SrTiO3 is still subject to an ongoing debate
even eight years after its discovery [1]. The basic idea
is that polar LaAlO3 on non-polar SrTiO3, singly ter-
minated by TiO2, generates a high mobility quasi two di-
mensional electron gas at the interface due to an electronic
transfer mechanism (electronic reconstruction). The in-
terface becomes conducting only when the LaAlO3 thick-
ness reaches a critical value of 1.6 nm (4 unit cells of
LaAlO3) and SrTiO3 is singly terminated by TiO2 [2, 3].
These observations have mostly been made on samples
grown by Pulsed Laser Deposition (PLD). Here, we con-
centrate on sputter grown interfaces, and show them to
be non-conducting, in strong contrast to PLD grown in-
terfaces.
Pulsed laser deposition is a low pressure technique
where the intensity of plasma changes with the back-
ground pressure. This background oxygen pressure in case
of conducting interfaces of LaAlO3 and SrTiO3 has sig-
nicant eects on conductivity [4], a low growth pressure
results in high conductivity and vice versa. The properties
of interfaces can be related to four dierent regions of oxy-
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gen pressure; (i) a three dimensional bulk conductivity is
observed at an oxygen pressure of 10 6 mbar. It is agreed
that this pressure produces oxygen defects in SrTiO3
which in turn enhance the conductivity [1], (ii) two di-
mensional conductivity around pO2 = 10
 4 mbar where
superconductivity eects [5] are observed at 200 mK,
(iii) still a two dimensional conductivity but magnetic
eects [6] are observed at 10 3 mbar and (iv) a badly
conducting interface at high oxygen pressure, 10 2 mbar
[7, 8]. This suggests that background oxygen pressure
has a key role in the conductances of the interface and
the above trend shows that even higher pressure should
further decrease the conductance.
Willmott analyzed that the interface is not abrupt but
Sr and La mix at greater depth than Ti and Al and forms
two monolayers of La1 xSrxTiO3 at the interface [9].
Nakagawa [10] used atomic-resolution electron energy loss
spectroscopy (EELS) to study similar intermixing eects.
Recently, Chambers [11] argued that intermixing at in-
terfaces is energetically favorable over abrupt interfaces
using both sensitive experimental tools and a theoretical
approach. The three mechanisms described above may
be responsible for interfacial conductance and one may
dominate or facilitate the other under dierent growth
conditions and parameters.
We report the growth of interfaces by reactive RF sput-
tering at high oxygen pressure of 1 mbar. The surface of
the grown lms is smooth, the microstructure shows the
correct tetragonal phase. The interface is sharp and con-
tinuous with slight intermixing of La and Ti. We nd that
these interfaces are non-conducting which points again to
the signicant role of oxygen pressure in the environment
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FIG. 1: (Color online) Surface morphology of two lms of
LaAlO3 on SrTiO3 at dierent growth parameters by atomic
force microscopy (a) a 20 nm thin lm (LA51) (920C,
0.8 mbar) (c) Surface morphology of a 15 nm thin lm of
LaAlO3 (LA37) (840
C and 1.2 mbar), (b) and (d) are the
proles of Fig. 1 (a) and (c) respectively along the drawn
lines.
during growth. The absence of intrinsic electric recon-
struction in sputtered interfaces shows that interface con-
ductance cannot be explained in terms of a true polar-
nonpolar catastrophe alone. Inhomogeneities at the in-
terface, defects and intermixing all play a role to initiate
the process.
II. EXPERIMENTATION
We have grown thin lms of LaAlO3 (LAO) on the
surface of TiO2-terminated SrTiO3 (STO) using reactive
RF sputtering with oxygen as a reactive gas. The thick-
ness of the lms ranges from 6.5 nm to 30 nm. The at
and epitaxial lms were grown at 0.8-1.2 mbar of oxygen
pressure at a growth temperature of 900C-940C. After
growth, the morphology of the samples was character-
ized by atomic force microscopy (AFM) in tapping mode.
Thicknesses of grown lms were measured by X-ray re-
ectivity (XRR) using Cu-K radiation. The structural
quality of the LAO lm was measured by X-ray dirac-
tion (XRD). Transmission Electron Microscopy (TEM)
was used to characterize the interfaces. High Resolution
TEM micrographs were recorded using a microscope (FEI
Titan cubed TEM) equipped with an image forming Cs
corrector and a High Resolution Gatan Image Filter (HR-
GIF) operated at 300 kV. Scanning TEM (STEM) was
used in Electron Energy Loss Spectroscopy (EELS) mode
to determine the local variation of elements at the inter-
face with the probe size 0.2 nm. Wire bonding is used to
contact the interface and conductance was measured by
physical properties measuring system (PPMS) by quan-
tum design.
TABLE I: Window to grow LaAlO3 on SrTiO3 in RF reactive
Sputtering.
Press.(mbar) Temp.(oC) Rough.(nm) Latt. Const.(A)
1.2 800 1.6 x
1.2 840 1.7 x
1.2 900 2.1 x
1.2 1034 0.2 3.786
1.0 840 1.4 3.789
0.8 840 2 3.789
0.8 920 0.2 3.786 (20nm)
0.8 920 0.2 3.777 (12nm)
0.6 940 0.8 3.799
0.4 940 0.2 x
FIG. 2: (Color online) (a) Reectivity curves of a 20 nm thick
lm by XRR technique (b) the density prole of the lm in
(a) over the thickness range upto 20 nm.
III. RESULTS
Crystal growth being a non-equilibrium kinetic process
is dicult to control in any type of deposition. With re-
active sputtering, the reaction between gas and emitted
target particles is assisted by substrate heating to ensure
the formation of the desired lm structure and stoichiom-
etry. Hence, two critical parameters control the growth in
sputtering, namely the growth temperature and pressure.
The lm properties and quality strongly depend on these
two parameters. We determined a window for smooth
and epitaxial growth as shown in Table I, which proved
to be rather narrow. Growing lms outside this window
resulted in rough and structurally bad lms.
Figure 1 shows the surface morphology of thin lms of
LaAlO3 on SrTiO3 by atomic force microscopy (AFM) (a
& c) and their respective proles (b & d). A 20 nm thin
lm (LA51) grown at 920C and 0.8 mbar of pressure is
smooth and at shown in Fig. 1(a). The corresponding
prole of the grown lm indicates the step size of unit
cell step height i.e., 4 A in Fig. 1(b). The roughness of
this lms is 0.2 nm. Figure 1(c) shows that a change in
pressure to 1.2 mbar and temperature to 840C results in
a rough lm, rms roughness is 1.6 nm and the prole in
Fig. 1(d) shows a large variation of 6 nm.
The thickness of the grown lm in Fig. 2(a) measured
by XRR shows the persistence of Kiessig fringes as they
are a measure of the uniformity of the lm. The density
prole of these lms with respect to thickness of each layer
is simulated by using Bruker software in Fig. 2(b). The
lm of a 20 nm thick has constant density for each layer
which explains the homogeneity of the grown lms over
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FIG. 3: (Color online) (a) The diraction data of a 20 nm thick
lm with the diraction planes (001), (002), (003), (004). The
black arrows are for STO which is used as a reference and red
arrows are for LAO thin lm. (b) XRD analysis of three repre-
sentatives lms of LAO at the index (002) of diraction plane.
Only lm peaks are shown for better resolution. The black line
shows thicker lm of 51 nm with 3.80 A (fully relaxed), red
line is for 20 nm LAO with 3.786 A (partially relaxed) while
blue line is for 12 nm with 3.766 A (strain).
the whole depth range.
The crystallographic structure of the grown LAO lms
is characterized by XRD using the d-spacing as a unique
nger print of the material. Figure 3(a) shows the (001),
(002), (003), (004) planes for a 20 nm thick lm (LA51).
The higher intensity indicates the good structural quality
of thin lms. In Fig. 3(b), three representatives lms are
shown; 20 nm thick is partially relaxed (LA51), 51 nm
lms is fully relaxed and 12 nm is strained.
Transmission electron microscopy (TEM) measurement
is used to probe the interfaces shown in Fig. 4. Figure 4(a)
shows a TEM micrograph of the atomically sharp LAO-
STO interface. There is no discontinuity at the interface.
The diractogram (Fig. 4(b)) shows a small splitting in
the higher order diraction spots, which point to a small
misalignment between the out-of-plane crystallographic
axes of LAO and STO. A small elongation (pointed out
using red circles) shows that there is slight mismatch be-
tween lm and substrate as XRD shows. Electron energy
loss spectroscopy (EELS) is used to see intermixing ef-
fects at the interface of LAO and STO. The probe (spot
size is 0.2 nm) is scanned perpendicular to the interface
and the number of counts corresponding to each element
is collected as shown in Fig. 5. The transition in the ele-
FIG. 4: (Color online) (a) High resolution TEM picture of
the LAO/STO interface. (b) Diraction pattern. The marked
spots in red circles show a slight splitting which indicates some
misalignment between lm and substrate.
mental count rates is of the order of 2 nm, indicating that
the intermixing is at most 4 unit cells.
Finally, we determined the conductance of a number of
lms in the temperature range from 10 K to 300 K . Wires
were bonded in a two point conguration and typical val-
ues of the sheet resistance were 10 M
 and above, limited
by the voltage and current sources. The resistance did not
change in the whole temperature range. Post-annealing
treatment on insulating surfaces did not change the insu-
lating state . In that process, after the deposition samples
were cooled down in vacuum to 580C. The oxygen pres-
sure was then raised to 0.2 bar while the sample cooled
further to 530C in about 15 minutes. These conditions
were maintained for 1 hour before cooling down to room
temperature. Such samples still did not show conduc-
tance.
IV. DISCUSSION
Above, we have shown that the sputter-grown interfaces
show good morphology. Interfaces are sharp, continuous
and coherent with slight intermixing but they are insulat-
ing. This should now be discussed.
Apparently, the sputter grown interfaces are not elec-
trically reconstructed as in PLD. This forces us to argue
that intrinsic electronic reconstruction is not the dom-
inant mechanism, even in PLD. The presence of polar
LAO and non-polar STO but the absence of conductance
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FIG. 5: (Color online) EELS spectra of two elements La and
Ti by scanning through the interface.
indicate a missing factor which either activates or initi-
ates the interfacial conductance. Intermixing is not the
cause since it is always there, either in PLD or sputtering.
So, the polar discontinuity and intermixing do not seem
to be the main candidates for the conductance.
The sputter grown interfaces grown at the high oxy-
gen pressure of 1 mbar closely resemble the high pres-
sure PLD grown interfaces reported on by Kalabukhov [7]
which are also insulating. This strongly hints at the dom-
inant role of oxygen vacancies in conducting interfaces
grown by PLD. Here, it should be remarked that the re-
duction of STO is dicult to rule out [12]. If PLD growth
parameters (750C-850C, 10 5 to 10 3 torr) can reduce
STO [4] even 10 nm or more (interface is of order of 2 nm),
it can be enough to facilitate the conduction at the inter-
face. So, defects associated with the STO may responsible
for conducting interface. In sputter grown lms the high
pressure of the background oxygen appears not to reduce
the STO.
The non-conductance of interfaces grown by sputtering
does not change with strain. We have grown lms on
a large scale variation (Table I) with respect to the out
of plane lattice parameters of the LAO lms but none
of the samples has shown conductance. We also applied
electric eld on these non-conducting interfaces to tune
the interfacial conductance but no change in insulating
behavior. Post-annealing also did not change the status
of interfaces grown by sputtering. These three factors
strain [13], charge excitation [2] (in underlaying STO by
external electric eld) and post-annealing [8] were able to
induce or change the conductance of the interface grown
by PLD but remained inactive for insulating interfaces
grown by sputtering.
The temperature of sputtered grown lms is 920C
which is higher than PLD grown lms (typical temper-
ature range 750C-850C). We would argue that the
higher growth temperature is not the reason for the lack
of conductance. There are two main reasons for that.
First, STO substrates are annealed at high temperature
(1300C) to produce the singly terminated TiO2 surface
[14, 15]. Second, TiO2 terminated STO substrates were
passed through the deposition steps without LAO lms
and were checked by AFM. This showed that no appre-
ciable change in termination had occurred. Note that
in PLD grown lms the sheet resistance goes down with
thickness [3], but that at 10 nm, there is still an apprecia-
ble dependence of the conductance, which we do not nd
in the sputter-grown lms .
We can also address the issue of stoichiometry. For in-
stance, it was demonstrated by Schneider et al that oxy-
gen is drawn out of the STO substrate in the case of LAO
lms grown at low oxygen pressure (1.5 10 5 mbar),
which were probably Al rich [16]. We have compared
lattice constant of the LAO thin lms with the ratio of
La/Al as given by Qiao [17]. Our lms are in the range
of the tetragonal structure of LAO lms and the corre-
sponding ratio is 1.10. This is not strange as in sputtering
lighter elements (here Al) can scatter more than heavier
element (La). Here, we also refer to MBE grown inter-
faces by Warusawithana [18] and theoretical calculation
done by Hellberg [19] where non-stoichiometry has been
found an important parameter to yield conducting inter-
faces of LAO/STO. The conducting interface was found
to be the Al-rich. A systematic study of the La/Al ratio
of conducting samples of PLD and non-conducting sput-
tered grown samples is in progress.
In conclusion, we have grown high quality interfaces of
LAO and STO by sputtering at pressure of  1 mbar. The
LAO lms are smooth and the crystal structure is tetrag-
onal as bulk. Thin lms are strained and interfaces are
continuous. The lms do not show conductance, which
can be a combined eect of defects, inhomogeneities and
stoichiometric eects at the interface. It is also possible
that more than one mechanism plays a role in the in-
terfacial conductance. The chemical potential which is
available at the time of growth in low/high pressure envi-
ronment decides the conductance/insulating behavior of
the interface. We argue that STO/LAO interfaces are
not simply conducting because of the polar discontinuity,
but because of the subtle interplay between stoichiometry,
mixing and oxygen vacancies in the PLD growth which is
dierent in sputter-grown interfaces.
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